On the performance of joint iterative detection and decoding in coherent optical channels with laser frequency fluctuations  by Castrillón, Mario A. et al.
Optical Fiber Technology 24 (2015) 5–14Contents lists available at ScienceDirect
Optical Fiber Technology
www.elsevier .com/locate /yof teRegular ArticlesOn the performance of joint iterative detection and decoding in coherent
optical channels with laser frequency ﬂuctuationshttp://dx.doi.org/10.1016/j.yofte.2015.04.002
1068-5200/ 2015 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
⇑ Corresponding author.
E-mail address: acastrillon@efn.uncor.edu (M.A. Castrillón).
URL: http://lcd.efn.uncor.edu (M.A. Castrillón).Mario A. Castrillón a,⇑, Damián A. Morero b, Oscar E. Agazzi c, Mario R. Hueda a
a Laboratorio de Comunicaciones Digitales, Universidad Nacional de Córdoba, CONICET, Av. Vélez Sarsﬁeld 1611, Córdoba X5016GCA, Argentina
bClariPhy Argentina S.A., Córdoba 5000, Argentina
cClariPhy Communications, Inc., 7585 Irvine Center Drive, Suite 100, Irvine, CA 92618, USAa r t i c l e i n f o
Article history:
Received 28 August 2014
Revised 8 April 2015
Available online 4 May 2015
Keywords:
Coherent detection
LDPC
Joint iterative detection and decoding
Phase noise
16QAM
DWDMa b s t r a c t
The joint iterative detection and decoding (JIDD) technique has been proposed by Barbieri et al. (2007)
with the objective of compensating the time-varying phase noise and constant frequency offset experi-
enced in satellite communication systems. The application of JIDD to optical coherent receivers in the
presence of laser frequency ﬂuctuations has not been reported in prior literature. Laser frequency ﬂuctu-
ations are caused by mechanical vibrations, power supply noise, and other mechanisms. They signiﬁ-
cantly degrade the performance of the carrier phase estimator in high-speed intradyne coherent
optical receivers.
This work investigates the performance of the JIDD algorithm in multi-gigabit optical coherent
receivers. We present simulation results of bit error rate (BER) for non-differential polarization division
multiplexing (PDM)-16QAM modulation in a 200 Gb/s coherent optical system that includes an LDPC
code with 20% overhead and net coding gain of 11.3 dB at BER = 1015. Our study shows that JIDD with
a pilot rate 6 5% compensates for both laser phase noise and laser frequency ﬂuctuation. Furthermore,
since JIDD is used with non-differential modulation formats, we ﬁnd that gains in excess of 1 dB can
be achieved over existing solutions based on an explicit carrier phase estimator with differential modu-
lation. The impact of the ﬁber nonlinearities in dense wavelength division multiplexing (DWDM) systems
is also investigated. Our results demonstrate that JIDD is an excellent candidate for application in next
generation high-speed optical coherent receivers.
 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Multi-gigabit coherent ﬁber optic systems based on quadrature
phase shift keying (QPSK) and M-ary quadrature amplitude modu-
lation (M-QAM) are currently being deployed in carrier networks.
High spectral efﬁciency modulation and coding schemes are being
considered to satisfy the projected increase of the bandwidth
demand [2] and to enable advanced networking concepts such as
the ﬂexible grid and software deﬁned optical networks. Carrier
phase recovery (CPR) is a key function of intradyne coherent opti-
cal QPSK/M-QAM receivers [3,4]. In these devices, CPR algorithms
are required to track effects such as laser phase noise and carrier
frequency ﬂuctuations [5].
Since most of the M-QAM schemes considered for practical
applications have rotational symmetry, errors in the carrier phaseestimation may cause cycle slips (CS). After a CS occurs, all
detected symbols are erroneous and they cannot be corrected by
forward error correction (FEC) codes [3]. To counter this catas-
trophic effect, differential modulation is typically used [3]. In this
modulation technique, the information is transmitted as the phase
difference between two consecutive symbols. Therefore, the effects
of a CS do not translate into catastrophic bit error bursts. While this
option provides a solution to the CS problem, its sensitivity in
terms of signal-to-noise ratio (SNR) is worse than that achieved
by non-differential schemes. For instance, a penalty of 1.2 dB has
been reported for differential QPSK modulation [6]. To avoid the
penalty of differential modulation formats, the use of pilot symbols
has been proposed in previous literature [7–9] to prevent error
propagation in non-differential modulation.
Although the catastrophic bit errors caused by CS can be miti-
gated by pilot symbols [10], their occurrence cannot be avoided
and performance degradation will be experienced in the presence
of high laser phase noise. This CS degradation caused by practical
limitations of an explicit CPR is exacerbated by laser frequency
Table 1
List of commonly used abbreviations.
Acronym Deﬁnition
ASE Ampliﬁed spontaneous emission
BPS Blind-phase search
CCR Coarse carrier recovery
CD Chromatic dispersion
CPR Carrier phase recovery
DMT Dispersion-managed transmission
DWDM Dense wavelength division multiplexing
FDE Frequency domain equalizer
FEC Forward error correction
FFE Feed-forward equalizer
GN Gaussian noise
JIDD Joint iterative detection and decoding
LDPC Low density parity check
NLI Nonlinear interference
PDM Polarization division multiplexing
PLL Phase-locked loop
PMD Polarization mode dispersion
QAM Quadrature amplitude modulation
S-JIDD Simpliﬁed JIDD
UT Uncompensated transmission
Fig. 1. Block diagram of PDM coherent optical transmitter with LDPC under
consideration.
1 Due to the low bandwidth of the CCR loop, short-term frequency instabilities of
the laser as well as correlated phase noise cannot be tracked.
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supply noise [5]. These frequency ﬂuctuations are modeled as sinu-
soidal frequency modulation of large amplitude (e.g., 500 MHz)
and low frequency (e.g., 635 kHz).
In this work we investigate the performance of a joint iterative
detection and decoding (JIDD) algorithm in optical systems based
on pilot symbols and powerful FEC codes such as low density par-
ity check (LDPC). JIDD uses the soft-output information on the
coded symbols provided by the decoder and performs forward–
backward recursions, taking into account carrier phase informa-
tion. Although performance evaluation of JIDD has been addressed
in the past (e.g., see [1] and references therein), its behavior in
high-speed transmissions over optical channels with laser fre-
quency ﬂuctuations and phase noise has not been reported so far.
The JIDD technique analyzed in this work builds upon the algo-
rithm proposed in [1] for satellite channels with random time-
varying carrier phase and constant unknown frequency offset.
We present simulation results of post-FEC bit error rate (BER) for
non-differential polarization division multiplexing (PDM)-16QAM
in a 200 Gb/s optical coherent system that uses the LDPC code with
20% overhead and net coding gain (NCG) of 11.3 dB at BER = 1015
proposed in [11]. Our study shows that JIDD with a pilot rate of 5%
is able to completely compensate laser frequency ﬂuctuations with
amplitudes as high as 700 MHz [5]. We highlight that this perfor-
mance is achieved without the need of a traditional CPR stage such
as the blind phase search (BPS) carrier recovery algorithm [4].
Furthermore, our results demonstrate that JIDD achieves gains
higher than 1 dB over existing solutions based on an explicit CPR
with differential modulation [5].
This paper is organized as follows. Section 2 investigates the
impact of the laser frequency ﬂuctuations in optical coherent recei-
vers with LDPC codes and existing carrier phase recovery algo-
rithms. The JIDD algorithm is investigated in Sections 3 and 4.
The performance of the proposed receiver in the presence of non-
linear effects is analyzed in Section 5. Conclusions are drawn in
Section 6. To facilitate the reading of this paper, abbreviations most
frequently used are listed in Table 1.
2. Impact of laser frequency ﬂuctuations in optical coherent
systems with LDPC codes
Figs. 1 and 2 show a simpliﬁed model of the PDM coherent opti-
cal transmitter and receiver, respectively. The components in
phase and quadrature of transmitted symbols for each polarization
modulate the intensity and/or phase of corresponding output of
the polarization beam splitter (PBS) of the transmitter laser (TL)
through parallel Mach–Zehnder modulators (MZM) arranged in a
Mach–Zehnder super-structure. Then, the modulated signals of
each polarization are combined in the polarization beam combiner
(PBC). The optical ﬁber introduces chromatic dispersion, polariza-
tion mode dispersion, as well as attenuation. Optical ampliﬁers
(OA) deployed periodically along the ﬁber compensate the attenu-
ation and introduce ampliﬁed spontaneous emission (ASE) noise.
At the receiver, the optical signal is mixed with a local oscillator
(LO) laser, the system operates with intradyne detection. The mix-
ing of the received signal and LO with a 90 hybrid of 4 outputs
(HY) gives the in-phase and quadrature components for each
polarization, which are then fed to balanced photodiodes. This
scheme allows suppressing the relative intensity noise (RIN). The
TL and LO lasers can be either distributed feedback (DFB) or exter-
nal cavity laser (ECL). The four signals are sampled twice per sym-
bol period (i.e., the sampling rate is 2=T with T being the symbol
duration) and fed into a digital signal processor (DSP). The DSP
implements the main receiver functions, such as coarse carrier
recovery (CCR), compensation of chromatic dispersion (CD) and
polarization mode dispersion (PMD), timing recovery (TR), etc.The CCR block estimates the carrier frequency offset (e.g., based
on the spectral shift of the received signal) and compensates it in
order to achieve a capture range of several GHz.1 The chromatic dis-
persion is compensated typically by a frequency domain equalizer
(FDE). The ﬁber length is automatically identiﬁed during the startup
and the response of the ﬁlter is programmed accordingly. A T/2
multiple-input multiple-output (MIMO) feedforward equalizer (FFE)
performs the polarization demultiplexing and the compensation of
PMD and polarization-dependent loss (PDL). An adaptation algo-
rithm is essential in optical channels since the receiver must track
nonstationary effects (PMD, PDL, changes in the state of polarization
of the TX or LO lasers, etc.). Towards this end, decision-directed LMS
and/or the constant modulus algorithm (CMA) are typically used. A
low latency phase-locked loop (PLL) is included to get tentative deci-
sions required to implement the FFE adaptation algorithm [5,12].
Since most part of the carrier frequency offset has already been com-
pensated by the CCR, the PLL is required mainly to track short-term
frequency instabilities of the lasers as well as part of the phase noise
[5]. To avoid the cycle slips introduced by the PLL in transmission
with non-differential modulation, the signal not demodulated by
the PLL is fed to the CPR. Therefore the CPR block must be able to
track high-frequency laser phase noise, nonlinear phase noise as well
as laser frequency ﬂuctuations. Finally, the samples are processed by
the soft decision demapper (SDD) which provides the soft informa-
tion used by the iterative LDPC decoder to estimate the transmit bit.
Fig. 2. Block diagram of PDM coherent optical receiver with LDPC under consideration.
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For simplicity, in this section we assume that:
 Fiber optic impairments include only linear effects (i.e., CD and
PMD). The impact of the nonlinear effects experienced in ﬁber
optic transmission systems shall be analyzed later in Section 5.
 CD and PMD are perfectly compensated by the FDE and the
MIMO-FFE, respectively.
 Most carrier frequency offset is compensated at the receiver
input by the CCR stage (i.e., the residual carrier frequency offset
at the output of the DSP is low and easily compensated by tra-
ditional CPR blocks such as BPS).
Furthermore, from Fig. 2 notice that the two polarizations at the
output of the DSP block are treated as two independent coded chan-
nels. Consequently, in this work a single polarization is considered
for the channel modeling and the theoretical formulation of the
JIDD algorithm.
Let ck 2M be a complex symbol of an M-QAM constellation
with alphabet M. The information bits are encoded and mapped
into symbols. Each codeword become in a block of coded symbols,
denoted as symbol codeword, which corresponds to a set of K sym-
bols. The received signal at the input of the carrier phase recovery
can be expressed as [13]
rk ¼ ckejhk þ zk ð1Þ
where hk is the total phase noise and zk represents the ASE noise
sample. The latter is modeled as a white complex Gaussian random
variable with power 2r2. Let Dm be the total laser linewidth param-
eter. The received phase hk can be expressed as
hk ¼ hk1 þ /k þwk ð2Þ
where fwkg is a set of i.i.d white real Gaussian random variables
with variance r2w ¼ 2pDmT [3], while /k is given by
/k ¼ Xc þ DXk ð3Þ
where Xc is the angular carrier frequency offset given by Xc ¼ 2pTfc ,
with f c being the residual carrier frequency offset. The term DXk
represents the phase change generated by frequency ﬂuctuations,
which can be modeled as
DXk  2pApT cosð2pTDf ckÞ ð4Þ
where Ap and Df c are the amplitude and frequency of the modula-
tion tone [5].As we shall show in Section 5, the generic model given by Eq. (1)
can also be used to include the nonlinear interference caused by
the Kerr effect in the ﬁber [13,14].
2.2. Carrier phase recovery in coherent optical receivers
Fig. 2 depicts the simpliﬁed model of the PDM coherent optical
receiver, where a carrier phase recovery stage is used to demodu-
late the received signal. CPR is a key function of coherent optical
receivers [2,3]. In particular, feedforward phase estimation
schemes such as the Viterbi–Viterbi (VV) [3] or BPS [4] algorithms
have been proposed for these receivers, as a result of their good
laser linewidth tolerance and feasibility for parallel implementa-
tion. We consider two existing carrier phase recovery techniques
denoted here as ECPR-1 and ECPR-2.
2.2.1. ECPR-1
ECPR-1 is the blind phase search carrier recovery algorithm [4]
with differential modulation (see Fig. 3). The BPS block estimates
the phase noise as follows:
h^k ¼ U arg min
ub
gkðubÞ
 !
ð5Þ
where U ð Þ is the unwrap function and ub is the test phase deﬁned
as
ub ¼
b
B
:
p
2
; b 2 f0;1; . . . ;B 1g ð6Þ
with B being the number of phases to be tested; term gkðubÞ is given
by
gkðubÞ ¼
XN
i¼N
rkiejub Q rkiejub
  2 ð7Þ
whereQð:Þ is the slicer function and N is the ﬁlter half width (see [4]
for more details).
2.2.2. ECPR-2
On the other hand, ECPR-2 is a pilot-aided scheme that employs
an interpolation ﬁlter followed by BPS with non-differential mod-
ulation [15] (see Fig. 4). Consider that one pilot symbol is periodi-
cally inserted after D 1 payload symbols. Thus, we deﬁne the
pilot-rate as PR ¼ 1=D. The ith pilot symbol occurs at the discrete
time instant iD, hence the pilot sequence is a zero-padded
sequence given by
pk ¼
ck; k ¼ iD
0; k– iD

ð8Þ
Fig. 3. Block diagram of the BPS algorithm with differential modulation (ECPR-1).
Fig. 4. Block diagram of the pilot aided based BPS algorithm (ECPR-2).
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symbols, where the received sequence is multiplied with the com-
plex conjugate of the zero padded pilot sequence. The resulting
sequence is ﬁltered by an interpolation ﬁlter with impulse
response f k. The phase correction is generated by taking the argu-
ment of the samples at the output of the interpolation ﬁlter. To cor-
rect any residual phase error, a second CPR stage based on the BPS
algorithm is used. Note that there is not phase ambiguity at the BPS
input due to the use of the pilot symbols. A small residual phase
offset is assumed therefore the phase estimate is limited to the
range [p=4;p=4). From the latter, note that no cycle slips are
introduced by the ECPR-2 scheme since the unwrap operation is
avoided. However, we highlight that if the pilot rate PR is not suf-
ﬁciently high,2 burst errors may occur and the performance of the
LDPC decoder should degrade signiﬁcantly.2.3. Performance of ECPR-1 and ECPR-2
The performance of ECPR-1 and ECPR-2 in the presence of laser
frequency ﬂuctuations is investigated by computer simulations. In
all the cases, BPS uses B ¼ 32 test phases and the ﬁlter half width N
is optimized for each SNR. We consider a non-dispersive optical
channel with f c ¼ 0, a baud rate of 1=T ¼ 32 Giga-symbols per sec-
ond (Gs/s) with PDM-16QAM modulation (i.e., the bit rate is
256 Gb/s). We use the LDPC code with 20% overhead and net cod-
ing gain in additive white Gaussian noise (AWGN) channels of
11.3 dB at BER = 1015 proposed in [11].3 Three values of the pilot
rate (PR) are considered for ECPR-2: PR = 1, 2 and 5%. An LDPC deco-
der with 50 iterations has been used in all the cases in order to
achieve all beneﬁt possible. Results without laser phase noise and
frequency ﬂuctuations are also included for comparison purposes.
This scheme (denoted as Ideal CPR) also uses an LDPC decoder with
50 iterations. We focus our study on the post-FEC BER as a function
of the signal-to-noise ratio per information bit (Eb=N0), which con-
siders the penalty caused by the code overhead and the pilot
symbols.
Fig. 5 shows the post-FEC BER versus Eb=N0 in the presence of
laser phase noise only (i.e., Ap ¼ 0). Two values of the laser2 The proper value of PR shall depend on the amount of phase noise power in the
system.
3 Note that the effective bit rate is 200 Gb/s.linewidth Dm are simulated: 500 kHz and 5 MHz. We observe that
the ECPR-1 and ECPR-2 with PR ¼ 5% can operate with some degra-
dation in the presence of phase noise. The penalty of ECPR-1
respect to ECPR-2 with PR ¼ 5% is mainly owing to the use of dif-
ferential modulation.
Fig. 6 shows the post-FEC BER versus Eb=N0 in the presence of
laser phase noise and sinusoidal jitter with Df c ¼ 35 kHz,
Ap ¼ 200 and 500 MHz. Note that a dramatic performance degrada-
tion caused by the frequency ﬂuctuations is experienced in both
CPR schemes. Although the impact of the laser frequency ﬂuctua-
tions on the performance has already been investigated in the past
(e.g., see [5]), we emphasize that our study considers the post-FEC
BER and not the pre-FEC BER as usual in previous related work.
Thus, short bursts of bit errors unnoticeable in pre-FEC BER analy-
sis may cause high penalty when post-FEC performance is consid-
ered [16]. This fact is useful to understand the important
degradation experienced in the presence the carrier frequency ﬂuc-
tuations shown in Fig. 6.
From previous results we can see that powerful carrier phase
estimation and decoding techniques shall be needed to combat
the effects of both the laser phase noise and the frequency ﬂuctu-
ations. To compensate these impairments, in next section we pro-
pose the use of a joint iterative detection and decoding technique.
This technique has been proposed in the past to compensate time-
varying phase noise and constant frequency offset experienced in
satellite communication systems [1]. So far, its application to opti-
cal coherent receivers in the presence of laser frequency ﬂuctua-
tions has not been investigated in the literature.3. The JIDD algorithm
3.1. Background
In the following, we summarize the JIDD algorithm proposed in
[1]. Denote c ¼ c0; c1; . . . ; cK1f g the coded symbol block to be trans-
mitted, and r ¼ fr0; r1; . . . ; rK1g the received symbol block. In order
to simplify the implementation, /k is assumed to be constant in a
symbol block (i.e., /k ¼ /; k ¼ 0; . . . ;K  1). The validity of this
assumption will be conﬁrmed later by computer simulations.
To implement the maximum-a posteriori (MAP) detector, the a
posteriori probability (APP) PðckjrÞ must be evaluated. Towards this
end, JIDD uses the sum-product algorithm (SPA) on a factor graph
(FG) to evaluate the joint APP distribution function
p c; h;/ j rð Þ / vCðcÞ
Y
k
p rk j ck; hkð Þp hk j hk1;/ð Þp /ð Þ ð9Þ
where vCðcÞ is the code indicator function deﬁned as 1 if c is a sym-
bol codeword of the channel code C and 0 otherwise;
h ¼ h0; . . . ; hK1f g is the sequence of the channel phase noise.
The probability density function (pdf) p hkþ1 j hk;/ð Þ is Gaussian
with mean hk þ / and variance r2w. The term p rk j ck; hkð Þ in (9)
results
Fig. 5. Post-FEC BER vs. Eb=N0 with Ap ¼ 0. (a) Dm ¼ 500 kHz. (b) Dm ¼ 5 MHz.
Fig. 6. Post-FEC BER vs. Eb=N0 with Dm ¼ 500 kHz and Df c ¼ 35 kHz. (a)
Ap ¼ 200 MHz. (b) Ap ¼ 500 MHz.
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
k
r2
ejhk
 
 ckj j
2
2r2
( )
ð10Þ
where R ½  and ð Þ denote real part and complex conjugate,
respectively.
The normal factor graph4 of the JIDD algorithm is depicted in
Fig. 7. The state of the detector is deﬁned as lk , ðhk;/Þ. The appli-
cation of the SPA leads to an iterative exchange of messages along
the edges of the FG. PdðckÞ and PuðckÞ are the APP probabilities of
the coded symbols received from and sent to the decoder, respec-
tively. The forward (pf lk
 
) and backward (pb lk
 
) messages along
of the edge lk (not depicted for purposes of clarity) are the pdfs of
lk given the past and the future, respectively, i.e.,
pf lk
 
, p hk;/ j rk10
  ¼ p / j rk10 p hk j /; rk10 
pb lk
 
, p hk;/ j rK1kþ1
  ¼ p / j rK1kþ1 p hk j /; rK1kþ1  ð11Þ
where r ji , ri; riþ1; . . . ; rj
 	
, i 6 j. In order to simplify the implemen-
tation, / is assumed to be a discrete random variable with
/ 2 / 1ð Þ;/ 2ð Þ;    ;/ Lð Þ
n o
in the interval /0;/0½ . In this way, pdfs
p / j rk10
 
and p / j rK1kþ1
 
in (11) become probability mass
functions:
c ‘ð Þf ;k , P / ¼ / ‘ð Þ j rk10

 
c ‘ð Þb;k , P / ¼ / ‘ð Þ j rK1kþ1

  ‘ ¼ 1; . . . ; L ð12Þ
where c ‘ð Þf ;k and c
‘ð Þ
b;k are recursively estimated as
c ‘ð Þf ;kþ1 ¼ c ‘ð Þf ;k exp a ‘ð Þf ;k þ uk
  a ‘ð Þf ;k n o
c ‘ð Þb;k1 ¼ c ‘ð Þb;k exp a ‘ð Þb;k þ uk
  a ‘ð Þb;k n o ð13Þ
with
a ‘ð Þf ;kþ1 ¼
a ‘ð Þ
f ;k
þuk
1þr2w a ‘ð Þf ;kþuk
  ej/
‘ð Þ
a ‘ð Þb;k1 ¼
a ‘ð Þ
b;k
þuk
1þr2w a ‘ð Þb;kþuk
  ej/
‘ð Þ
ð14Þ
and initial conditions
a ‘ð Þf ;0 ¼ 0 a ‘ð Þb;K1 ¼ 0
c ‘ð Þf ;0 ¼ const: c ‘ð Þb;K1 ¼ const:
‘ ¼ 1; . . . ; L:
Parameter uk in Eq. (14) is given by
uk ,
2rkak
2r2 þ bk  akj j2
ð15Þ
where
ak ,
X
c2M
cPd ck ¼ cð Þ ð16Þ
bk ,
X
c2M
cj j2Pd ck ¼ cð Þ: ð17Þ
The probability PuðckÞ can be approximated by
PuðckÞ / e
ckj j2
2r2
X
‘
c ‘ð Þf ;kc
‘ð Þ
b;k
I0 b
‘ð Þ
k
 
 
I0 a
‘ð Þ
f ;k
 
 I0 a ‘ð Þb;k 
  ð18Þ
where I0ðÞ is the zeroth-order modiﬁed Bessel function of the ﬁrst
kind and4 See [17] for more details.b ‘ð Þk ¼ a ‘ð Þf ;k þ a ‘ð Þb;k þ
rkck
r2
ð19Þ
Thus, the JIDD algorithm can be summarized as follows:
Step 1) evaluate coefﬁcients uk, k ¼ 0;1; . . . ;K  1, using (15)–
(17);
Step 2) recursively update forward and backward parameter a ‘ð Þf ;k,
a ‘ð Þb;k, c
‘ð Þ
f ;k and c
‘ð Þ
b;k given by (13) and (14);
Step 3) evaluate PuðckÞ from (18) and (19);
Step 4) update PdðckÞ from PuðckÞ applying the soft-input soft-out-
put decoder for code C.
3.2. Simpliﬁed JIDD algorithm (S-JIDD)
A modiﬁcation to the described JIDD algorithm is introduced in
order to reduce the computational load required by (13) and (18).
Towards this end, we consider the logarithm of c ‘ð Þf ;k and c
‘ð Þ
b;k then
product operations in the recursive processing are replaced by
sums. Thus, Eq. (13) can be rewritten as
c ‘ð Þf ;kþ1 ¼ exp m ‘ð Þf ;kþ1
n o
c ‘ð Þb;k1 ¼ exp m ‘ð Þb;k1
n o ‘ ¼ 1; . . . ; L ð20Þ
Fig. 7. Normal factor graph of the JIDD.
5 The penalties of Eb=N0 caused by pilot symbols using the highest constellation
amplitude are 0.09, 0.17, and 0.44 dB for PR ¼ 1;2, and 5%, respectively.
6 Thus, the total number of iterations used in S-JIDD is similar to that used in ECPR-
1 and ECPR-2.
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m ‘ð Þf ;kþ1 ¼ m ‘ð Þf ;k þ a ‘ð Þf ;k þ uk
  a ‘ð Þf ;k 
m ‘ð Þb;k1 ¼ m ‘ð Þb;k þ a ‘ð Þb;k þ uk
  a ‘ð Þb;k  ð21Þ
with m ‘ð Þf ;0 and m
‘ð Þ
b;K1 being an arbitrary constant 8‘. Furthermore,
approximating (as suggested in [1]) I0ðxÞ ’ ex, Eq. (18) reduces to
PuðckÞ / e
ckj j2
2r2
X
‘
e1
‘ð Þ
k
1^k ð22Þ
where
1 ‘ð Þk ¼ m ‘ð Þf ;k þ m ‘ð Þb;k þ b ‘ð Þk
  a ‘ð Þf ;k  a ‘ð Þb;k  ð23Þ
and
1^k ¼max
‘;ck
1 ‘ð Þk ð24Þ
is a normalization variable required to avoid numerical overﬂow
when ﬁnite precision arithmetic is used. Compared to (18), Eq.
(22) not only reduces the computational complexity of the algo-
rithm, but also provides an improved numerical stability for imple-
menting with ﬁnite resolution arithmetic.
3.3. Architecture of the JIDD receiver
Fig. 8 depicts a possible architecture of the proposed JIDD-based
receiver. Notice that the JIDD replaces the following blocks: CPR,
SDD, and LDPC decoder. We highlight that the carrier frequency
offset is compensated before by the CCR, as explained in Fig. 2.
The low latency PLL is kept as part of the FFE equalizer adaptation
loop. As in the traditional architecture based on a CPR followed by
LDPC decoding, each polarization is processed independently after
the polarization demultiplexing achieved by the MIMO-FFE [12].
This architecture has shown to provide an excellent performance
in real applications. We realize that some authors have proposed
to combine information of the two carrier recovery blocks of the
two polarizations in order to improve the receiver performance
[18]. Although this approach could also be used in the context of
the JIDD, in this work we focus on the architecture with indepen-
dent JIDDs for each polarization, which has shown to achieve a
good performance in ultra-high speed coherent receivers [19].
Fig. 9 shows a simpliﬁed block diagram of the JIDD. Notice that
existing architectures of LDPC decoders can be used to implement
JIDD receivers (e.g., see [20] for more details). Development of
practical architectures for the symbol node (SN) blocks will be
required to implement JIDD in commercial optical transceivers.
4. Numerical results and discussion
We investigate the performance of the S-JIDD algorithm in the
presence of laser phase noise and frequency ﬂuctuations. Thesimulation conditions described in Section 2.3 are used.
Numerical results for S-JIDD are presented and compared to those
of ECPR-1 and ECPR-2. The S-JIDD employs 20 inner iterations for
each update of PdðckÞ from PuðckÞ and 50 outer iterations of PdðckÞ
for each codeword. Equally spaced pilot symbols of the highest
amplitude allowed by the constellation are used. Several values
of the pilot rate (PR) are considered for the pilot-aided schemes
with non-differential modulation (i.e., S-JIDD and ECPR-2).5
Moreover, S-JIDD uses L ¼ 11 levels for the ﬁrst iteration and L ¼ 3
for the rest, while /0 is properly chosen according to the pilot rate.
Fig. 10 shows the post-FEC BER versus the signal-to-noise ratio
per bit in the presence of laser phase noise only (i.e., Ap ¼ 0). Two
values of the laser linewidth Dm are used: 500 kHz and 5 MHz. In all
the cases, notice that S-JIDD outperforms the existing solutions
based on an explicit CPR stage. We also observe that S-JIDD with
PR ¼ 1% behaves slightly better than PR ¼ 5% as a result of the
penalty caused by the (higher) pilot rate. Furthermore, note that
S-JIDD with PR ¼ 1% outperforms ECPR-2 with PR ¼ 5%.
The robustness of the S-JIDD in the presence of laser frequency
ﬂuctuations is analyzed in Fig. 11. We consider Dm ¼ 500 kHz,
Df c ¼ 35 kHz, and two frequency amplitudes: Ap ¼ 200 and
500 MHz (see (4)). Notice the drastic performance degradation
observed in both ECPR-1 and ECPR-2 when Ap ¼ 500 MHz. In this
case, S-JIDD with PR ¼ 5% is the only scheme that achieves an
acceptable performance with  0:5 dB penalty. We realize that
the performance of ECPR-1 can be signiﬁcantly improved by using
the technique proposed in [5]. However, as observed in Fig. 10, we
do not expect a better performance than that achieved by S-JIDD as
a result of the modulation format (i.e., differential vs. non-
differential).
We realize that the performance improvements of S-JIDD
observed in Figs. 10 and 11 are achieved by using 20 inner itera-
tions and 50 outer iterations. Next we also consider S-JIDD with
10 inner iterations and 5 outer iterations.6
Fig. 12 shows the penalty versus the frequency amplitude Ap for
S-JIDD with Df c ¼ 35 kHz, Dm ¼ 250 kHz, PR ¼ 1;2, and 5%. Notice
that frequency amplitudes as high as Ap ¼ 700 MHz can be toler-
ated by S-JIDD with PR ¼ 5%. Furthermore, note that the extra
degradation of S-JIDD with PR ¼ 5%, 10 inner iterations, and 5
outer iterations is only  0:2 dB.
Fig. 13 investigates the tolerance to the laser phase noise in the
presence of frequency ﬂuctuation with Ap ¼ 140 MHz and
Df c ¼ 35 kHz. In this case, note that the performance of S-JIDD is
practically insensitive to laser phase noise when DmT < 2	 104
(e.g., Dm < 6:4 MHz at 1=T ¼ 32 Gs=s). From the above, we infer
that the proper tradeoff between performance and complexity
should be achieved by adjusting the number of inner and outer
iterations.5. Impact of ﬁber nonlinearity in DWDM systems
Optical coherent dense wavelength division multiplexing
(DWDM) systems have become the mainstream technology for
optical transport networks. The performance of DWDM systems
in PDM transmissions over long-haul ﬁber links is limited by the
ASE noise and nonlinear interference (NLI) caused by the Kerr
effect in the ﬁber. In particular, self-phase and cross-phase modula-
tion (SPM and XPM), and four-wave mixing (FWM) are the main
Kerr-induced effects that impact on the performance of DWDM
in long-haul links. Simpliﬁed and empirical models for NLI have
Fig. 8. Block diagram of coherent receptor using S-JIDD scheme system.
Fig. 9. General architecture of the JIDD.
Fig. 10. Post-FEC BER vs. Eb=N0 with Ap ¼ 0. (a) Dm ¼ 500 kHz. (b) Dm ¼ 5 MHz.
Fig. 11. Post-FEC BER vs. Eb=N0 with Dm ¼ 500 kHz and Df c ¼ 35 kHz. (a)
Ap ¼ 200 MHz. (b) Ap ¼ 500 MHz.
7 That is, a DWDM system with 100 Gb/s PDM-QPSK channels spaced at 50 GHz
[13] ! Dmþ DmNL  10 MHz.
8 DSP functions in the receiver include linear equalization only of the ﬁber
dispersion (i.e., nonlinear compensation algorithms such as back-propagation are not
considered in this work).
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decoding schemes in DWDM systems [21]. In the following, we
investigate the performance of S-JIDD in DWDM systems with
PDM transmissions based on two models for NLI proposed in pre-
vious works.
5.1. Nonlinear interference in dispersion-managed transmission
Transmissions over optical links can be classiﬁed in dispersion-
managed (DMT) or uncompensated (UT), depending on whether dis-
persion compensation ﬁber (DCF) is used or not, respectively. Owing
to the difﬁculty to derive compact and comprehensive analytical
solutions in the context of DMT, several empirical models of the
NLI have been proposed [13,22]. For example, it has been observed
in [13] that the Wiener process is still adequate to describe carrier
phase noise effects after nonlinear propagation in DMT links. In
this case, the sample at the input of the CPR block reduces to
rk ¼ ckej~hk þ zk ð25Þ
where ck and zk are deﬁned as in (1), while ~hk is the total phase noise
given by
~hk ¼ ~hk1 þ /k þ ~wk ð26Þ
with /k being the laser frequency ﬂuctuation given by (3); laser
phase noise and NLI effects are modeled by the set f~wkg, which is
assumed i.i.d white real Gaussian random variables with variance
r2~w ¼ 2pTðDmþ DmNLÞ. Parameter Dm is the laser linewidth of TX
and RX oscillators, while DmNL represents a ‘‘linewidth broadening’’
caused by the NLI. For example, Dmþ DmNL ¼ 10 MHz has been
reported for a 100 Gb/s PDM-QPSK optical receiver in the presence
of 79 DWDM 100 Gb/s PDM-QPSK channels spaced at 50 GHz withDm ¼ 1 MHz [13]. From Fig. 12 we can infer that the performance
degradation caused by NLI in the DWDM system just mentioned7
in the presence of laser frequency ﬂuctuations is < 0:7 dB in a
256 Gb/s PDM-16QAM coherent receiver with S-JIDD. This result
shows the excellent behavior of the proposed JIDD receiver in trans-
missions over long-haul DMT ﬁber links.5.2. Nonlinear interference in uncompensated transmission
Due to the dispersion of UT links, the properties of the signal
propagation are altered drastically with respect to DMT. It has been
shown that the propagated signal appears to take on statistically-
independent zero-mean Gaussian distribution [14,23,24]. This
result has also been extended for the signal after the DSP block used
at the receiver to compensate, e.g., CD and PMD of the UT link.8
Consequently, the nonlinear interference is modeled as AWGN.
This is called the Gaussian Noise (GN) model [14]. The sample at
the input of the CPR also reduces to
Fig. 12. Performance of S-JIDD for several values of pilot rates. SNR penalty at post-
FEC BER = 103 vs. frequency amplitude Ap for Df c ¼ 35 kHz and Dm ¼ 250 kHz.
Label ‘‘Iter.: (A/B)’’ denotes A outer iterations with B inner iterations.
Fig. 13. Performance of S-JIDD for several values of pilot rates. SNR penalty at post-
FEC BER = 103 vs. normalized laser linewidth (DmT) for Df c ¼ 35 kHz and
Ap ¼ 140 MHz. Label ‘‘Iter.: (A/B)’’ denotes A outer iterations with B inner iterations.
Table 2
Deﬁnition of WDM system parameters.
Parameter Deﬁnition
Rs ¼ 1=T Baud rate
Ns Number of spans
a Fiber loss coefﬁcient
Ls Length of each span
Ltot ¼ NsLs Total length of the link
Leff ¼ ð1 e2aLs Þ=ð2aÞ Effective length of the span
F Noise ﬁgure of the EDFA ampliﬁers
h Planck’s constant
v Center frequency of the WDM comb
c Fiber nonlinear coefﬁcient
b2 Fiber dispersion
Nch Number of WDM channels
Table 3
General system parameters used in the simulations
Parameter Value
Rs 32 GB
a 0.2 dB/km
c 1.27 1/W/km
b2 21:7 ps2=km
hv 1.28e19 J
F 5 dB
Dm 500 kHz
Ap 200 MHz
Df c 35 kHz
PR 5%
JIDD Iter. Number 50/20
9 P r e - F E C B E R i s d e r i v e d t h e o r e t i c a l l y f r o m BER16QAM ¼
0:75  Qð ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ0:2  SNRNLp Þ þ 0:5  Qð ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1:8  SNRNLp Þ  0:25  Qð ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ5  SNRNLp Þ with SNRNL given
by (31).
12 M.A. Castrillón et al. / Optical Fiber Technology 24 (2015) 5–14rk ¼ ckejhk þ ~zk ð27Þ
where ck and hk are deﬁned as in (1), while
~zk ¼ zk þ Dzk ð28Þ
is an AWGN component that represents the contribution of both
ASE noise (zk) and NLI (Dzk).
We deﬁne the power per-channel of the DWDM system as
PTx ¼ P0Efjckj2g with P0 being a certain gain. We also deﬁne in
Table 2 various wavelength division multiplexing (WDM) system
parameters. Then, the variance of zk and Dzk in erbium-doped ﬁber
ampliﬁer (EDFA)-based optical systems with channel spacing equal
to the baud rate can be approximated by [25]
r2z ¼ RsNsðe2aLs  1ÞFhv ; ð29Þ
r2Dz 
8
27
c2P3TxLeff Ns
ln p2jb2jLeff N2chR2s

 
pjb2jR2s
ð30Þ
The effective signal-to-noise ratio at the DSP output results inSNRNL ¼ PTxr2z þ r2Dz
¼ PTx
r2z þ gP3Tx
ð31Þwhere g ¼ r2Dz=P3Tx. Since r2z and g are independent of PTx, the recei-
ver performance shall degrade at high values of PTx (i.e.,
lim
PTx ! 1
SNRNL ¼ 0). Notice that this behavior is drastically different
from that experienced in wireless channels as investigated in [1].
Based on the GN model deﬁned by (29) and (30), in the following
we evaluate the performance of S-JIDD with PDM-16QAM modula-
tion in the presence of laser frequency ﬂuctuations and nonlinear
effects in WDM systems over UT ﬁber links. Table 3 presents the
general parameters used in the simulations. Notice that the system
also includes laser phase noise with Dm ¼ 500 kHz and sinusoidal
frequency jitter with Ap ¼ 200 MHz and Df c ¼ 35 kHz. In this situa-
tion we realize that CPR solutions based on ECPR-1 and ECPR-2 are
not able to achieve an acceptable performance even in the absence
of NLI (see Fig. 11).
Fig. 14 depicts the pre and post-FEC BER for different values of
the link length Ltot (i.e., Ltot ¼ 500;1000;2000, and 4000 km).9 The
length of the span is Ls ¼ 100 km with Nch ¼ 80 WDM channels.
We observe that S-JIDD is able to reduce drastically the error rate
up to 2000 km of link lengths. This agrees very well with that
reported in [14] where it has been found that Ltot  2000 km is the
maximum length of the link with (i) PDM-16QAM and (ii) FEC with
20% overhead (i.e., 6.5 bits/symbol of optical channel throughput
(OCT)).
Fig. 15 shows the pre and post-FEC BER for different values of
number of WDM channels, Nch (i.e., Nch ¼ 40;80, and 128).
Fig. 14. Performance vs. launch power for different values of Ltot with Nch ¼ 80, Df c ¼ 35 kHz, and Ap ¼ 200 MHz. Length of the span Ls ¼ 100 km.
Fig. 15. Performance vs. launch power for different values of the number of WDM channels (Nch) with Df c ¼ 35 kHz and Ap ¼ 200 MHz. Length of the span Ls ¼ 100 km. Total
length of the link Ltot ¼ 1000 km.
Fig. 16. Performance vs. launch power for different length of the spans (Ls) with Df c ¼ 35 kHz and Ap ¼ 200 MHz. Total length of the link Ltot  1000 km with Nch ¼ 80.
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also been included for comparison purposes. The length of the span
is Ls ¼ 100 km and the total length of the link is Ltot ¼ 1000 km.
Unlike previous application of JIDD (see [1]), we verify that an
important performance degradation caused by NLI in UTWDM sys-
tems occurs at high values of PTx. We also observe that the impact
of Nch on the performance does not change signiﬁcantly when
Nch P 40. In particular, note that the post-FEC BER for Nch ¼ 80
rapidly degrades at PTxK  6:6 dBm and PTxJ2:6 dBm. 10 On the
other hand, based on results derived from the theory in [14,25] with
parameters of Table 3 we found that an OCT of 6.3 bits/symbol at the
linear regime11 is achieved at PTx  8:8 dBm for Ltot ¼ 1000 km,
Ls ¼ 100 km, and Nch ¼ 80. Notice that the 8:8 6:6 ¼ 2:2 dB gap
to the PDM-16QAM limit is approximately the penalty respect to
the Shannon capacity of the LDPC code used in this work ( 1:5 dB
[14] plus the penalty caused by the pilot rate 0.44 dB). Finally,
Fig. 16 depicts the pre and post-FEC BER for different values of the
span length Ls (i.e., Ls ¼ 65;85, and 100 km). The total length of the
link is Ltot  1000 km with Nch ¼ 80 WDM channels. As shown in
Fig. 15 for Ls ¼ 100 km, we have veriﬁed that the performance of
S-JIDD for Ls ¼ 65 and 85 km is also close to the values expected
from the theoretical analysis [25]. Thus, we conclude that JIDD-
based receivers in combination with powerful FEC schemes will be
able to achieve a performance close to the channel limits over UT
WDM systems in the presence of laser phase noise and laser fre-
quency ﬂuctuations.
6. Conclusions
The performance of a joint iterative detection and decoding
algorithm in optical coherent receivers has been investigated in
this work. The excellent performance of JIDD in the presence of
laser phase noise, ﬁber nonlinearities, and frequency ﬂuctuations
has been demonstrated. Computer simulations with high phase
noise have also shown that JIDD outperforms BPS combined with
non-differential modulation and the CS compensation technique
proposed in [10]. Further work is needed to enable the implemen-
tation of JIDD in practical receivers. Nevertheless, we would like to
emphasize that the key contribution of this work is to show that
JIDD is able to successfully combat the laser phase noise and fre-
quency ﬂuctuations in high-speed transmissions over optical
channels.
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